Synopsis Environmental factors strongly influence phenotypic variation within populations. The environment contributes to this variation in two ways: (1) by acting as a determinant of phenotypic variation (i.e., plastic responses) and (2) as an agent of selection that ''chooses'' among existing phenotypes. Understanding how these two environmental forces contribute to phenotypic variation is a major goal in the field of evolutionary biology and a primary objective of my research program. The objective of this article is to provide a framework to guide studies of environmental sources of phenotypic variation (specifically, developmental plasticity and maternal effects, and their adaptive significance). Two case studies from my research on reptiles are used to illustrate the general approaches I have taken to address these conceptual topics. Some key points for advancing our understanding of environmental influences on phenotypic variation include (1) merging laboratory-based research that identifies specific environmental effects with field studies to validate ecological relevance; (2) using controlled experimental approaches that mimic complex environments found in nature; (3) integrating data across biological fields (e.g., genetics, morphology, physiology, behavior, and ecology) under an evolutionary framework to provide novel insights into the underlying mechanisms that generate phenotypic variation; (4) assessing fitness consequences using measurements of survival and/or reproductive success across ontogeny (from embryos to adults) and under multiple ecologically-meaningful contexts; and (5) quantifying the strength and form of natural selection in multiple populations over multiple periods of time to understand the spatial and temporal consistency of phenotypic selection. Research programs that focus on organisms that are amenable to these approaches will provide the most promise for advancing our understanding of the environmental factors that generate the remarkable phenotypic diversity observed within populations.
Introduction
A primary goal in the field of evolutionary biology is to understand how natural selection operates on phenotypes, and how this has led to the remarkable phenotypic variation observed within and among populations. The importance of phenotypic variation is well established, in that it provides the raw material for natural selection and enables organisms to adapt to changing or novel environments. Indeed, greater phenotypic variation increases the potential for evolution, whereas little to no variation reduces the opportunity for selection and hinders evolutionary adaptation (Mazer and Damuth 2001) . Thus, variation is critical (i.e., the ''stuff of evolution and a central attribute of living systems''; Bartholomew 1987) , but whether traits evolve in response to selection depends on two other important factors: (1) The strength and consistency of phenotypic selection and (2) the source of phenotypic variation (e.g., relative contributions of environmental versus additive genetic components). By quantifying these two factors, biologists can make powerful predictions about how much evolutionary change will occur from one generation to the next (Lande and Arnold 1983; Grant and Grant 1993; Falconer and Mackay 1996) . Traits with a strong heritable genetic component have greater potential to change in response to selection than do traits that are heavily influenced by the environment.
Although genetically-based traits are most responsive to the forces of selection, the ubiquity of phenotypic plasticity (i.e., the ability of a single genotype to produce multiple phenotypes under different environmental conditions) demonstrates the importance of the environment as a source of phenotypic variation (West-Eberhard 2003; DeWitt and Scheiner 2004) . Indeed, virtually every organism has some aspect of its phenotype that is influenced by the environment in which it lives. These plastic responses to the environment have large impacts on evolutionary processes (e.g., potentially slowing evolutionary responses to selection) (Reznick and Travis 2001) . Plastic responses also occur across all life-history stages and are often transmitted across generations (transgenerational plasticity), which complicates our understanding of the direct target(s) of selection and our ability to predict evolutionary responses to selection (Uller 2008) . A major challenge is determining whether responses to the environment are passive byproducts of physical/physiological constraints or adaptive responses with an underlying heritable component that was molded by natural selection (Marshall and Uller 2007) . In many cases, an underlying genetic basis for plasticity is well established (i.e., G Â E interactions) (DeWitt and Scheiner 2004) , which indicates that variation in plastic responses is subject to natural selection and can evolve like any genetically-based trait (Via and Lande 1985) .
Although the environment can act as a determinant of phenotypic variation (i.e., plasticity), it also shapes this variation from a top-down direction by acting as a selective agent on existing phenotypic variation within populations. For example, natural selection favors phenotypes that confer relatively high fitness, and therefore directly impacts the range of phenotypes observed within populations at a given time (Grant and Grant 1993; Caruso et al. 2003) . Importantly, however, a phenotype that confers high fitness in one environment may be poorly fit for another environment. Additionally, temporal changes in environments can shift selective regimes, thereby generating inconsistent patterns of selection over time. Such temporal and spatial inconsistencies of phenotypic selection will contribute to the maintenance of phenotype variation and slow rates of evolution (Merila et al. 2001; Caruso et al. 2003; Siepielski et al. 2009; Warner et al. 2010a) . Thus, to fully understand the factors that shape phenotypic variation within and among populations, long-term studies that quantify several episodes of selection in different environments will be highly informative.
To elucidate the role of the environment in shaping phenotypic variation, a guiding framework is necessary for undertaking empirical studies that address the above issues. Figure 1 provides that framework by outlining a series of potential relationships among the environment, phenotypes, and fitness. Quantifying the relationships among these factors will provide a comprehensive understanding of environmental sources of phenotypic variation (as a determinant of phenotypes and an agent of selection) within populations. In addition, controlled laboratory experiments that assess how environments shape phenotypic variation (i.e., plasticity), coupled with field studies that assess the relationship between environmentally-induced phenotypic variation with fitness under different contexts will provide a robust evaluation of selection on plasticity. Research must also be integrative, combining concepts and approaches from ecology, physiology, behavior, and genetics that aim to not only quantify organismal responses, but also to determine the underlying molecular, physiological, and functional mechanisms responsible for plastic responses (e.g., Bartholomew 1987) . A mechanistic understanding of plasticity will provide a comprehensive picture of how organisms have adapted to challenges in their environments, as well as give insights into the direct and indirect pathways through which natural selection has shaped organismal responses. Additionally, because all life-history stages (from embryos to adults) are responsive to environmental variation, research that focuses on complete life cycles and lifespans (and interactions among different stages) will provide a strong understanding of how responses are integrated through ontogeny (Relyea 2001; Marshall 2008) . Finally, an integration of controlled laboratory experimentation with observations and/or experimental approaches in the field will provide a strong grasp of the relevance of different environmental conditions that are tested. Indeed, controlled laboratory studies will always be necessary for pinpointing specific effects, but complementary data from the field are needed to validate ecological relevance (e.g., Warner and Shine 2009 ). Field studies are also necessary for relevant measurements of phenotype-fitness relationships, which will provide meaningful estimates of natural selection in the wild.
The goal of this article is to provide a guide for studies of environmental determinants of phenotypic variation (specifically, developmental plasticity and maternal effects) and the potential adaptive significance of plasticity (by assessing phenotypic selection) (Fig. 1) . Also, I take this opportunity to synthesize my own research using two case studies (one of which is 758 D. A. Warner still ongoing) that illustrate my approach for understanding the adaptive significance of plasticity. My hope is that this synthesis will provide a guiding platform for other researchers that address conceptual topics similar to my own, and to provide meaningful avenues for future research. In addition, although many different types of organisms make excellent models for assessing the evolutionary ecology of plasticity, my work focuses on developmental plasticity and maternal effects in reptiles, and hence much of this synthesis will relate to the biology of reptiles.
Developmental plasticity and parental effects
Phenotypic variation is influenced by the environment during all life-history stages (Bernardo 1996; Mousseau and Fox 1998) . However, conditions during embryonic development are of considerable interest because phenotypes are particularly sensitive and labile during this early life stage, and environmental impacts during development of the embryo can have long-lasting consequences (Duffy et al. 2002; Uller 2008; Warner and Shine 2008a) . Guiding framework for studies of environmental sources of phenotypic variation in natural populations (with emphasis on oviparous species). The biotic and abiotic environment is a source of phenotypic variation, both as a determinant (via plasticity) and as a selective agent on existing phenotypic variation in a population. Biotic and abiotic conditions influence (1) the environment of parents, which in turn affects patterns of reproductive investment, and (2) the environment that developing embryos experience. The environment that embryos experience is also determined by the choice that mothers make when selecting a microhabitat for nesting, which has important consequences on embryonic development. These factors influence patterns of embryonic development in ways that shape phenotypes of offspring, which are acted upon by natural selection at any life stage (i.e., relationship between phenotype and fitness). Biotic and abiotic factors continue to exert phenotypic effects on offspring after development (e.g., growth and behavior of juveniles), and also shape how selection operates on existing phenotypic variation (i.e., a given phenotype may be favored in one environment or at one point in time, but not another). This diagram focuses solely on environmental effects, but parental genetic contributions to phenotypic variation are also important. By empirically quantifying relationships in this framework, research programs will provide novel insights into how natural selection has shaped the way embryos, neonates, and parents respond to environmental variation.
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The scientific literature provides countless examples of developmental plasticity across most groups of organisms (West-Eberhard 2003; Gilbert and Epel 2009) . In addition, the environmental parameters that induce phenotypic variation are diverse, including both biotic (e.g., nutrition, social status, and risk of predation) and abiotic factors (e.g., temperature, moisture, photoperiod, water, or soil pH). In many cases, the degree of environmentally-induced phenotypic variation within a species can rival the variation seen across species, but in other cases environmental effects are more subtle. For example, variation in temperature and photoperiod during development produces two different color morphs of the European butterfly, Araschnia levana, that are so phenotypically different from each other that they were once classified as two different species (Nijhour 2003; Gilbert 2005) . In addition, temperatures that many reptiles, fish, and insects experience during development affect not only morphology, physiology, or behavior, but can also determine an individual's sex (Cook 2002; Valenzuela and Lance 2004; West 2009 ). Indeed, polyphenisms (i.e., when a discrete phenotype is induced by the environment) are widespread (e.g., Moczek 1998; Miura 2005) , but the environment also induces considerable variation in continuously-distributed traits as well. Demonstrating the fitness consequences of environmentally-induced phenotypes under different environments will provide important insights into the adaptive significance of plasticity.
Plastic responses may occur as a direct effect of the external environment experienced by the developing embryo (e.g., after oviposition in egg-laying species) or the effects can be transmitted through the mother or father in the form of parental effects. Parental effects occur when the phenotype or the environment of the parents exerts an effect on the phenotypic development of their offspring . Most commonly these effects are transmitted through the mother due to the greater level of investment females devote toward reproduction than do males (i.e., mothers carry developing embryos in most cases). For example, the quantity or quality of food available to mothers can directly impact the amount of energy available for investment into reproduction. In turn, maternal nutrition can affect the number or size of offspring produced (Guisande et al. 2000; Lovern and Adams 2008) , as well as the nutrients available to developing embryos (Moczek 1998) . As a consequence, maternal nutrition can influence many traits of offspring, ranging from effects on immune function, morphology, behavior, and sex (Kelly and Coutts 2000; Rutkowska and Cichon 2002; Galef 2009; Mateo 2009 ). The quality of the offspring is also influenced by many other maternal factors such as size, age, or physiological state West-Eberhard 2003; Uller 2008; Maestripieri and Mateo 2009) .
Aside from inherited genes, fathers also make substantial contributions to phenotypic variation in offspring, particularly in species in which paternal care for young is prevalent (e.g., sygnathid fish) (Dzyuba et al. 2006) . A father's contribution to phenotypic variation of his offspring can also be indirect through effects on maternal investment. For example, in many animals, mothers differentially invest toward developing offspring in response to some aspect of the sire's phenotype (e.g., Gil et al. 1999; Sheldon 2000; Kotiaho et al. 2003) . In the mouth-brooding fish Pterapogon kaudermi, females invest more resources into eggs when their mate is relatively large (Kolm 2001) , and female zebra finches differentially invest into sons versus daughters depending on the color of the sire's leg-band (Burley 1986) . Similarly, mothers overproduce sons from relatively large sires and daughters from smaller sires in the brown anole lizard (Cox and Calsbeek 2010a) . Moreover, early environments that fathers experience prior to sexual maturity can affect the phenotypes of his future progeny (Crews et al. 2007 (Crews et al. , 2012 Warner et al. 2013a ). The underlying mechanisms are not understood in most cases, but the environment during early stages might leave epigenetic marks on paternally-inherited DNA that may regulate gene expression (Crews et al. 2007 (Crews et al. , 2012 Navarro-Martin et al. 2011 ). Due to their potential effects on fitness of the offspring, the impacts of paternal phenotypes and environments can influence evolutionary processes and must be considered when evaluating direct and indirect targets of natural selection.
Although plastic responses to developmental environments are widespread, whether they are adaptive (i.e., increase fitness) is unknown in most cases (DeWitt and Scheiner 2004) . Developmental plasticity often is considered adaptive in unpredictable spatially or temporally-heterogeneous environments (Kaplan and Cooper 1984) . For example, if environments are heterogeneous, plasticity would be adaptive when developmental conditions appropriately shape phenotypes to match the environment that the offspring encounter Monaghan 2008) . Such an effect would confer greater fitness than if phenotypes were purely genetically determined because most individuals would exhibit an appropriate phenotype-to-environment match. In the seed beetle (Stator limbatus), for example, females adaptively adjust investment into eggs in response to the host plant that their developing 760 D. A. Warner embryos will experience (Fox et al. 1997 ). This reproductive adjustment enhances fitness because it enables offspring to survive in their respective hostenvironments. In other words, there is an adaptive match between the maternal contribution and the environment of the offspring.
Similarly, developmental plasticity can enhance fitness when environments experienced by embryos provide a predictive cue for the conditions they will eventually experience later in life. Under this scenario, early embryonic conditions could program an individual's physiology to appropriately deal with predictable future conditions (e.g., environmental matching hypothesis, thrifty phenotype hypothesis) Monaghan 2008; Fig. 2) . Such maternal effects are potentially adaptive so long as developmental conditions positively correlate with post-developmental conditions. Mismatches between pre-natal and post-natal conditions can lead to detrimental effects. For example, a mismatch of nutrient-poor conditions that human embryos experience in utero and nutrient-rich conditions experienced later in life may lead to obesity or type 2 diabetes (Prentice et al. 2005; Wells 2007 ).
On the other hand, developmentally plastic responses may not necessarily be adaptive. For example, a decline in environmental quality can reduce fitness of the offspring through reduction of resources available for mothers to invest toward their offspring. Such effects may reflect a physiological side-effect transmitted through the mother, rather than an evolved response produced by natural selection. Thus, maternal effects that impact the fitness of offspring might exhibit no adaptive value (Marshall and Uller 2007) . Testing for adaptive significance of developmental plasticity would require raising offspring under multiple contexts, including the conditions encountered by the parents, as well as measuring the appropriate components of fitness (Fox et al. 1997; Rotem et al. 2003; Marshall and Uller 2007) . Additionally, studies must assess potential long-term costs or benefits of developmental plasticity throughout entire lifespans. Indeed, plasticity might increase fitness during one reproductive episode, but come at a cost during a future reproductive bout (Plaistow et al. 2007 ). Thus, studies that address life-time fitness consequences of developmental plasticity across multiple life stage (for parents and offspring) and under multiple contexts are warranted (Marshall and Uller 2007) .
Reptiles as models for studies of adaptive developmental plasticity
The current understanding of developmental plasticity comes from research across a diversity of organisms. Indeed, no single model shares all the characteristics that will enable scientists to address all major questions in this field. However, I argue that many reptiles have characteristics that make them excellent models for addressing many of the fundamental questions about the ecology and evolution of developmental plasticity. For example, many oviparous reptiles have been instrumental for assessing relationships among parental and developmental environments, phenotypes of offspring, and their subsequent impacts on fitness (reviewed by Shine [2004] ); hence, these organisms are well-suited for identifying the relationships outlined in Fig. 1 . The following characteristics exemplify this point:
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of embryonic development, which in turn influences variation in many different fitnessrelated phenotypes of offspring. For example, temperature and/or moisture conditions that eggs experience during incubation can influence body size (Packard and Packard 1988) , growth rate (Andrews et al. 2000) , anti-predatory behavior (Downes and Shine 1999) , locomotor performance (Elphick and Shine 1998) , thermal preference (Qualls and Andrews 1999) , cognitive ability (Amiel and Shine 2012) , and reproductive success (Warner and Shine 2008a) .
(2) Maternal effects are prevalent in reptiles and influence the phenotypes of offspring through many pathways. For example, past work illustrates the impacts of maternal diet on size, growth, and survival of offspring (Warner and Lovern 2014) ; the role of maternally-derived steroids on sex ratios and growth rates (Bowden et al. 2000; Warner et al. 2009a) ; the impact of maternal thermoregulatory behaviors on morphology and locomotor performance (Shine 2006) ; and the role of the sire's phenotype on maternal reproductive allocation (Olsson et al. 2005; Cox and Calsbeek 2010a) . In addition, phenotypic development of offspring is also indirectly influenced by maternal nesting behavior due to the specific nest microhabitats that females choose (Refsnider and Janzen 2010) .
(3) Most species of reptiles are oviparous, and egglaying denotes a discrete period when maternal provisioning ceases and the direct impacts of external environments begin. Although maternal provisioning prior to oviposition can impact patterns of development (Shine 2004; Warner and Lovern 2014) , properly designed experiments can decouple the effects of the maternal environment/provisioning from those of the external post-oviposition environment. Moreover, the lack of parental care in most species facilitates studies designed to assess the effects of post-oviposition external environments because this factor is not confounded with parental attendance of eggs. Although oviparity and the lack of parental care is most common, maternal effects in viviparous species and in those with parental care can also be readily studied in a comparative framework (Shine 2004 ).
(4) Many species produce large clutches of eggs that can be allocated into different experimental treatments. Thus, egg-incubation experiments with split-clutch designs are useful in determining the effects of the developmental environment, maternal identity, and their interaction (e.g., genetic Â environment interactions). Indeed, numerous studies illustrate significant clutch-by-environment interactions on phenotypic development in reptiles (e.g., Rhen and Lang 1995; Warner et al. 2008 ).
(5) Studies of phenotypic selection on reptiles have been remarkably successful, owing to the ease in marking individuals, performing mark-recapture studies in the field, and (depending on species) the enormous sample sizes that can be obtained (e.g., Janzen et al. 2000; Warner and Andrews 2002; Warner and Shine 2007a; Cox and Calsbeek 2010b) . Of course, some species or life stages are easier to work with than others, but overall, many species have features that facilitate quantification of how selection operates on phenotypic variation under natural conditions in the field.
The characteristics described above facilitate research that is guided by the framework outlined in Fig. 1 . With the use of reptiles as models, studies that quantify the relationships denoted in Fig. 1 will provide important insights into how natural selection has shaped plastic responses to developmental environments, and how selection has shaped different patterns of maternal reproductive investment in response to environmental variation.
Approaches for studying the adaptive significance of developmental plasticity
The general approach of my research involves manipulative laboratory studies of maternal or eggincubation environments, followed by measurements of phenotypic traits of offspring. This approach involves controlled experiments necessary for pinpointing the precise environmental variables that induce plastic responses. Subsequently, to quantify the relationship between phenotype and fitness, individual survival (or reproductive success) is determined with subsequent releases of uniquely-marked offspring in the field for mark-recapture study (e.g., Warner and Andrews 2002; Robbins and Warner 2010) . Although this field component provides the most ecologically-relevant assessment of fitness, survival is also occasionally quantified under controlled captive environments in the laboratory. Below, I review two case studies from my own work (mostly from previously published work) to illustrate my 
Case study No. 1: Temperature-dependent sex determination in jacky dragons
Temperature-dependent sex determination (TSD) is a classic example of a polyphenism, whereby the environment during development determines a discrete phenotype (i.e., male versus female). Under TSD, temperatures that embryos experience during development determine the sex of the offspring. This mode of sex determination has evolved multiple independent times within vertebrates, particularly in squamate reptiles (Valenzuela and Lance 2004; Warner 2011) , and thus elucidating its adaptive significance has received considerable research attention since its discovery nearly five decades ago (Charnier 1966) . The most widely-accepted model for the adaptive significance of TSD posits that selection should favor a link between sex determination and incubation temperature if temperature differentially affects the fitness of sons versus daughters (Charnov and Bull 1977) . This differential effect would enable production of males under temperatures that are optimal for males' fitness and production of females under temperatures optimal for females' fitness. If incubation temperature had this sex-specific effect on fitness, then any genes responsible for thermal sensitivity of sex determination would be favored by natural selection because it would enhance fitness of parents and offspring. Several empirical studies have addressed this model (e.g., Conover 1984; Janzen 1995; Warner and Shine 2008a) , but very few have directly quantified the fitness of males and females or have assessed all the relationships outlined in Fig. 1 , which are critical in testing the differential-fitness model.
I used an experimental approach to test the differential-fitness model using the jacky dragon lizard (Amphibolurus muricatus) as a study organism (Fig. 3) . This species exhibits TSD whereby constant incubation under cool (23-268C) and warm (30-338C) conditions produce females, and intermediate constant incubation at 27-298C produce mixed sex ratios (Harlow and Taylor 2000) (Fig. 3a) . Specific details of the experimental design are described elsewhere Shine 2005, 2008a) , but the main components of the experiment are as follows. Eggs from 41 clutches were incubated at three temperature regimes that averaged 238C, 278C, and 338C, which produce females, both sexes, and females, respectively (Fig. 3a) . Within each temperature treatment, a subset of eggs was given an application of Fadrozole (an aromatase inhibitor that blocks the conversion of testosterone to estradiol), which enables production of males even if eggs are incubated at female-producing temperatures (Fig. 3b) . Indeed, nearly all eggs that were given Fadrozole produced male offspring regardless of incubation temperature (Warner and Shine 2005) . This manipulation was critical because it decoupled the confounded effects of sex and incubation temperature. Importantly, sexreversed males showed no differences in morphology (Warner and Shine 2005) , gonad histology ), or behavior (Warner et al. 2010b ) compared with naturally-produced males.
All offspring were uniquely-marked, measured, and released into six large field enclosures, such that each clutch and incubation treatment were about equally represented in each enclosure (Fig. 3c ). Offspring were housed in the field enclosures for the following 3.5 years ($full lifespan) and closely monitored for growth, survival, and reproductive success over this time. To determine whether incubation temperature of the eggs had lasting effects on fitness into adulthood, second-generation eggs produced by females in the enclosures were collected and incubated. DNA was extracted from tissue samples from the resultant offspring (and their potential parents) and genotyped at nine microsatellite loci for assignment of parentage (Fig. 3d) . This approach enabled a direct count of progeny produced by each male and female as a measure of individual reproductive success.
By experimentally assessing several relationships outlined in Fig. 1 , this study provided strong support for the theoretical predictions of the differentialfitness model (Fig. 4) . Males that hatched from male-producing incubation temperatures sired more offspring than sex-reversed males from femaleproducing temperatures. Similarly, females produced under extreme temperatures produced more offspring than did their sisters from incubation at intermediate temperatures (Warner and Shine 2008a ). These findings demonstrate that TSD enhances fitness because it enables each sex to develop at their optimal incubation temperature. Not only do these patterns match remarkably well with the predictions of the differential-fitness model, but they also provide the first experimental support for the adaptive significance of TSD in a reptile.
Support for the differential fitness model was clear, but the underlying mechanisms that generate the differential effect of incubation temperature on fitness of males and females remain unresolved. A plausible and partially supported mechanism is that Developmental plasticity and parental effects 763 TSD enables each sex to hatch at its own optimal time of the season (Conover 1984; Warner et al. 2009b) . Indeed, duration of incubation under warm conditions was substantially shorter than that for eggs incubated under the intermediate ($43 versus 60 days) and cool conditions ($43 versus 90 days). The accelerated embryonic development under the higher temperature treatment enabled offspring to emerge relatively early, which provided a substantially longer growing period (before the onset of winter) for early-hatched lizards compared with the late-hatched individuals incubated under cool conditions. As a result, warm-incubated individuals had a size advantage at the onset of the first reproductive season ($9-12 months after hatching), and maintained that advantage throughout the following 3 years of their lives Shine 2005, 2008a) ; early hatching has also been shown to positively affect growth and survival in free-ranging A. muricatus in the field Shine 2007a, 2008b) . Moreover, body size was a significant determinant of mating success for males, but not for females (Warner and Shine 2008a) . Collectively, these findings suggest that the timing of hatching (influenced by incubation temperature) has a significant and lasting effect on phenotypes (i.e., body size) associated with reproductive fitness, and this effect is more pronounced in males than in females. Given these findings, males should benefit more than females from early hatching under the conditions in the field enclosures, but see Warner et al. (2009b) for arguments as to when females would benefit more from early hatching. Support from field studies that demonstrate seasonal shifts in sex ratios of offspring After second-generation progeny were produced, DNA was extracted from tissue samples from all individuals and reproductive success was quantified with parentage analyses using nine microsatellite DNA markers. This design enabled a direct evaluation of the sex-specific effects of incubation temperature on reproductive fitness to test the differential-fitness model (see Fig. 4 ). Additional details are provided by Shine (2005, 2008a from natural nests will provide critical support for this potential mechanism. Hence, this led to a complementary field study aimed to assess sex ratios from natural nests Shine 2008c, 2009 ). The reproductive season of A. muricatus extends from September to February, during which ambient air temperature gradually rises (Warner and Shine 2008c) . This seasonal rise in air temperature results in a concomitant seasonal shift in nest temperatures in the field (Warner and Shine 2008c) . Accordingly, average nest temperatures early in the season ($248C) are expected to produce predominantly female offspring, whereas average nest temperatures later in the season should produce mixed sex ratios (Warner and Shine 2008c) . However, despite this seasonal march in nest temperature, seasonal shifts in sex ratios from natural nests were not evident Shine 2009, 2011) . In fact, average nest temperature in the field did not explain variation in sex ratios among clutches (Warner and Shine 2009 ). This lack of an effect of nest temperature on sex ratio is counter-intuitive, but is likely due to the complex diel thermal fluctuations experienced by natural nests (Georges et al. 2005; Les et al. 2007; Neuwald and Valenzuela 2011) . In A. muricatus nests, thermal fluctuations can be substantial (ranging beyond a 168C change in a single day) and greatly affect the amount of development embryos that undergo within the female-producing or maleproducing thermal domain of sex determination.
Indeed, a laboratory experiment demonstrated that diel thermal fluctuations strongly affect sex ratios of offspring, and their impact depends on mean incubation temperature (Warner and Shine 2011) . Importantly, given that mean nest temperature gradually rises over the season, and the associated variances in nest temperature decline over this time, the interactive effect of the thermal mean and variance on sex determination hinders seasonal shifts in sex ratios of offspring in nature, and yields sex ratios similar to that observed under genotypic sex determination (Warner and Shine 2011) .
What, then, is the mechanism that generates the differential effect of incubation temperature on fitness of males versus females? As described above, current data do not fully support the hypothesis that sexes differ in their optimal timing of hatching. Moreover, incubation temperature affected the fitness of males and females differently, even when the effect of the timing of hatching was statistically removed, suggesting that other factors are likely involved (Warner and Shine 2008a) . Another plausible hypothesis is that incubation temperature can shape fitness-related phenotypes (e.g., morphology, physiology, behavior, and performance) and the fitness consequences of those phenotypes differ between the sexes (Shine 1999) . This has been demonstrated in the leopard gecko (Eublepharus macularius), another lizard with TSD, whereby incubation temperature modifies aggressive behaviors of adults, which are more important for reproductive success in males than in females (Gutzke and Crews 1988) . Thus, TSD may confer a fitness benefit because it enables production of males under the incubation temperature that enhances aggressive behavior (i.e., a phenotype that is better for males than for females). Although a plausible mechanism, territorial behaviors of adult male A. muricatus are not influenced by incubation temperature and are not related to reproductive success (Warner et al. 2010b ). Moreover, incubation temperature did not differentially affect any other male-versus-female phenotype that was measured (morphology, running performance, and growth). Thus, the underlying mechanism responsible for the differential effect of incubation temperature on the fitness of males and females remains unresolved; tests of other plausible mechanisms (reviewed by Shine [1999] ) will undoubtedly give new insights into this issue.
To obtain a comprehensive understanding of the adaptive significance of TSD, studies must also elucidate the role of other factors in shaping variation in sex ratios and fitness of offspring. Indeed, sex ratios and fitness-related phenotypes of offspring 
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A. muricatus are influenced by a suite of parental factors. For example, nutritional and social conditions experienced by reproductive mothers can influence primary sex ratios in ways that may enhance fitness Warner and Shine 2007b) . Additionally, clutches with relatively high levels of corticosterone in the yolk produce slightly female-biased sex ratios ; this relationship is supported experimentally (Warner et al. 2009a ). Intriguingly, primary sex ratios also vary considerably among clutches when all eggs are incubated at a constant 288C, and this among-clutch variation also depends upon the seasonal timing of oviposition; this suggests a possible interaction between genotype and the environment during reproduction (Warner et al. 2008) . Sex ratio of offspring also is influenced by the incubation temperatures that their fathers experienced as embryos 3 years earlier (Warner et al. 2013a ). Clearly, primary sex ratios of A. muricatus are influenced by multiple environmental factors, and the fitness consequences of this remarkable plasticity are still poorly understood (Wapstra and Warner 2010) . Although these multiple environmental influences on sex ratios of offspring complicate experimental tests of adaptive significance, research programs that follow the framework outlined in Fig. 1 will increase our understanding of the interactive role of multiple factors in shaping variation in phenotypes and fitness.
Case study No. 2: Developmental plasticity and maternal effects in the brown anole
Anolis lizards have served as models for testing fundamental theories in ecology and evolutionary biology. This highly diverse genus (4400 species) has provided critical insights into our general understanding of adaptive radiations (Losos 2009 ), dynamics of phenotypic selection (Losos et al. 2006; Cox and Calsbeek 2010b) , the complexity of community interactions (Losos et al. 2003) , and is an emerging model for integrative biology (Sanger 2012) . However, despite the extensive literature on the ecology and evolution of Anolis, remarkably little research has focused on developmental plasticity and parental effects in this group (Lovern and Wade 2003; Goodman 2008; Lovern and Adams 2008) . This is surprising considering the critical role these factors have in shaping ecological and evolutionary processes. Moreover, several characteristics of Anolis lizards make them very amenable to studies of developmental plasticity and parental effects, as well as for quantifying fitness consequences in the field.
A primary goal of my recent and ongoing research on the brown anole (Anolis sagrei) is to understand how the environment contributes to phenotypic variation by acting as a phenotypic determinant (via developmental plasticity) and as a selective agent. Accordingly, my ongoing research on A. sagrei aims to quantify relationships outlined in Fig. 1 to provide a comprehensive understanding of how selection has shaped variation in embryonic responses to developmental environments and parental responses to surrounding biotic and abiotic factors. To understand the role of the environment as a selective agent, my research also evaluates temporal variation in phenotypic selection in several populations of A. sagrei.
Anolis sagrei is particularly amenable to studies on this topic for several reasons. First, their heartiness in captivity, ease of breeding, and the established protocols for successful incubation of eggs (Sanger et al. 2008) greatly facilitate laboratory studies. Second, females are highly fecund, producing one egg approximately every 7-10 days during an extended breeding season (about April-November) (Lee et al. 1989 ). The production of many eggs provides robust sample sizes for experiments on incubation. Third, their production of successive single-egg clutches provides females with the ability to differentially invest energy toward each offspring, which is useful when studying how maternal strategies of allocation shift in response to environmental changes over extended periods of time. In addition, their long reproductive season implies that eggs experience considerable temporal variation in environmental conditions. Thus, studies of the effects of environmental variation on development are ecologically meaningful. Fourth, the brown anole exhibits considerable sexual dimorphism in size and other phenotypes (e.g., dorsal pattern and dewlap; Fig. 5 ), which suggests that selection operates on phenotypes differently for males and females. Finally, the large population sizes and high densities of A. sagrei in the field greatly facilitate mark-recapture studies for robust estimates of selection in the wild. In addition, their territorial and philopatric behaviors (Tokarz 1985) greatly enhance success in recapturing them.
My research using this study system is relatively new and far from complete, but is already establishing the role of the developmental environment in shaping phenotypic variation in A. sagrei. Specifically, incubation experiments have shown that phenotypic development of A. sagrei is sensitive to many environmental factors, including temperature (Warner et al. 2012) , moisture (Warner et al. , 2012 Reedy et al. 2013) , and the presence of neighboring eggs in the immediate vicinity (Warner and Chapman 2011). For example, moisture conditions influence the rate of water uptake by eggs, as well as the water content of embryos at different developmental stages. In addition, these effects of moisture depend on the thermal conditions experienced by eggs, which ultimately results in relatively small hatchlings with large residual yolk reserves under warm/dry conditions of incubation (Warner et al. 2012) . The fitness consequences of this moisture Â temperature interaction have not yet been explored, but survival of hatchlings is positively influenced by the amount of moisture in the incubation substrate when offspring are raised under standard conditions in the laboratory ). Ongoing research is aimed at evaluating the effects of natural thermal fluctuations on embryonic development and phenotypes of offspring; preliminary results suggest that the running performance of offspring differs between individuals that experience early-season versus late-season nest temperature regimes (P. Pearson and D. A. Warner, unpublished data). In addition, laboratory and field studies are currently underway that are designed to assess the fitness consequences of different moisture conditions and substrate types found in a variety of habitats in the field.
Maternal effects are also important in shaping variation in phenotypes and survival of hatchling A. sagrei. For example, females exposed to relatively low amounts of prey during reproduction produce small eggs compared with females with abundant prey (Warner and Lovern 2014) . These relatively small eggs result in small offspring with reduced growth and survival compared with the larger offspring produced by mothers with abundant prey. Intriguingly, the availability of prey available to mothers had no effect on allocation of steroids to the yolk, but an experimental reduction of investment of yolk to eggs (via extraction with a syringe) had the same effect on growth and survival of offspring as manipulations of availability of prey to the mother (Warner and Lovern 2014) . Thus, the maternal effect of availability of prey is at least partially mediated by the amount of yolk invested into eggs rather than by the quality of the yolk (e.g., corticosterone and testosterone concentrations in yolk). The adaptive value of this nutritionally-mediated maternal effect is not understood, but it could be a nonadaptive passive response due to reduced energy for reproduction because of low availability of prey. However, current research is exploring the possibility that availability of prey to mothers affects the physiology of offspring in an adaptive manner that prepares them for nutrient conditions that are similar to that experienced by their parents (i.e., environmental-matching hypothesis) (Fig. 2) . Preliminary results suggest that offspring survive well in nutrient-poor environments, but only when their mothers also had experienced nutrient-poor environments (D. A. Warner, unpublished data).
Parental behaviors also generate variation in phenotypes and survival of offspring. For example, female A. sagrei actively choose specific microhabitats for nesting (Bernardo 1996; Refsnider and Janzen 2010) , which determine the physical conditions that developing embryos experience. This maternal behavior is particularly important because it can substantially reduce the range of conditions that developing embryos would otherwise experience in nature. That is, the mother's nesting behavior shields embryos from environmental extremes, which reduces the variance to which embryos would otherwise have to adapt (Bartholomew 1987) . Thus, in turn, maternal selection of nest-sites can influence the evolution of plastic responses and environmental tolerances of embryos. Indeed, when female A. sagrei are given a range of substrate moisture conditions to choose among for nesting, they actively choose relatively moist conditions, despite the availability of drier environments ). This behavior enhances fitness of mothers and offspring, because the most frequently-chosen conditions (i.e., high moisture) also result in enhanced hatching success, large offspring size, and relatively high posthatching survival . Other research on nest-site choice in A. sagrei is scarce and nearly Developmental plasticity and parental effects 767
nothing is known about the conditions that females choose in nature (Delaney et al. 2013) . Hence, this area of Anolis biology is wide open for research and data on this topic will provide an important foundation for future studies of maternal effects and developmental plasticity. Several projects on this important topic are currently underway in my laboratory.
Paternal characteristics also contribute to phenotypic variation in offspring. For example, the size and condition of the sire influences the sex ratio of his offspring; relatively large males sire more sons, whereas smaller males sire more daughters (Calsbeek and Bonneaud 2008; Cox and Calsbeek 2010a; Cox et al. 2011) . The mechanism for this differential allocation is not known, but many possibilities have been suggested (e.g., maternal sorting of sperm, differential production of x-bearing versus y-bearing sperm) (Uller and Badyaev 2009) . The influences of sires' mating status (i.e., virgin versus non-virgin), mating behavior, and quality of ejaculate on maternal reproductive allocation have also been explored, but these paternal characteristics do not impact morphology of offspring or maternal patterns of reproductive allocation (e.g., size and number of eggs and yolk steroids) (Warner et al. 2013b) . Given the broad variation in the quality of males observed within populations, the potential for paternal effects on offspring phenotypic variation is high, and this component of Anolis biology warrants more study.
Spatial and temporal variation in phenotypic selection also generates phenotypic variation in natural populations (Merila et al. 2001 ). However, quantifying how the strength and form of selection changes across time and among populations in the wild is challenging and often impractical due to the difficulties involved in establishing long-term studies on multiple populations. Moreover, identifying the particular environmental factors responsible for selection often requires experimental manipulations at a population-wide scale (Reznick et al. 1997; Calsbeek and Cox 2010) . Studies of Anolis populations on small islands have overcome these challenges (Losos et al. 2004; Kolbe et al. 2012 ). Many studies have used island habitats because they are small enough to thoroughly and repeatedly sample populations to obtain robust estimates of selection across time. Additionally, each island essentially serves as a replicate ''natural enclosure'' because lizards do not readily disperse across water. The small size of many islands makes them amenable to experimental manipulations of habitat or demographic parameters (e.g., Calsbeek and Cox 2010; Kolbe et al. 2012 ).
These characteristics have been critical for my recent field research on phenotypic selection on spoil islands in Florida's Intracoastal Waterway.
My two field sites contain a series of small spoil islands located in the Matanzas (Palm Coast) and Tomoka Rivers (Ormond Beach) near the Atlantic coast in Florida (Fig. 6) . Since April 2011, my colleagues and I have captured, measured, and marked over 8,000 individual lizards to quantify how phenotypic selection changes across time and differs among several island populations that are in close proximity. Phenotypic measurements primarily include morphology (e.g., body size and dewlap size) and behavior (territory size), and fitness is quantified as survival (assessed via mark-recapture). However, reproductive success will be quantified via parentage analyses using tissue samples (tail snips) taken from all individuals that have been captured. This field research is still in its early stages, but preliminary results demonstrate that the strength of linear selection on body size varies substantially among islands, across time, and between the sexes (Fig. 6d) . The specific environmental factors responsible for this variation in selection are not yet understood, but correlations with habitat characteristics (e.g., island size, habitat structure, and abundance of invertebrate prey) and demographic parameters (e.g., population density and sex ratio) are beginning to shed light on the source of variation in phenotypic selection. Moreover, to pinpoint causal relationships between habitat/population characteristics, experimental manipulations using field enclosures are currently underway.
This study organism (A. sagrei) and my field sites (replicate island populations) are well suited for addressing major questions about the role of the environment in shaping phenotypic variation. Indeed, the laboratory and field studies on A. sagrei, outlined above, provide some new contributions, and are beginning to quantify the complex relationships outlined in Fig. 1 . I am confident that continued research will tease apart the complexity of this system in ways that will advance our understanding of the mechanisms that generate and maintain phenotypic variation within and among populations.
Conclusions and additional considerations for future research
Phenotypic variation within populations is pervasive, and the environment plays a critical role in shaping this variation. Research programs aimed at understanding the environmental contributions to phenotypic variation must consider two roles the 768 D. A. Warner environment plays: (1) a determinant of phenotypic variation (via plasticity) and (2) a selective agent that ''chooses'' among existing phenotypes within populations. Importantly, genetic sources of phenotypic variation must also be considered (albeit, not a focus of this paper), as genes are another primary determinant of phenotypic variation, and interact with the environment in ways that shape developmental and maternal responses to variable conditions (DeWitt and Scheiner 2004) .
Research programs that combine laboratory and field studies will provide ecologically-meaningful insights. Indeed, controlled laboratory studies are necessary for pinpointing the specific environmental factors that affect phenotypes, but complimentary data from field studies are important for validating ecological relevance. For example, many studies evaluate the effects of embryonic environments on phenotypes of reptiles (reviewed by Deeming [2004] ), but most focus on conditions that embryos rarely, if ever, encounter in nature (e.g., constant temperature regimes) (Bowden et al. 2014 ), making it difficult to draw conclusions regarding impacts on phenotypic variation in nature. Researchers are encouraged to move away from using artificial conditions for incubation, and instead design laboratory experiments that mimic the complexities of natural environmental variation inside (and outside) of maternally-chosen nest sites, or to assess environmental effects under natural conditions in the field (e.g., cross-fostering experiments) . These types of studies will continue to provide important advances in this area of research.
Research programs that integrate data on genetics, morphology, physiology, behavior, and ecology under an evolutionary framework will provide novel insights into the underlying mechanisms that generate phenotypic variation, as well as the selective forces that shape that variation. For example, because an organism's phenotype consists of an integration of traits that are sometimes tightly linked (Earley et al. 2012) , studies that consider entire organisms will provide critical insights into the targets of selection. Research will benefit most from measurements of multiple traits, including patterns of development (e.g., embryonic metabolism and duration of incubation), morphology (e.g., sex, body size, and color), physiology (e.g., metabolism, immune function, and growth), behavior (e.g., thermoregulatory, anti-predator, and courtship), performance (e.g., locomotion), and life history (e.g., clutch size and age at maturity). Demonstrating how these traits are shaped by developmental and maternal environments, how they are inter-related with one another, and how they interactively influence fitness will provide a comprehensive understanding of their potential for evolutionary change.
A wealth of recent research demonstrates that the phenotypic effects of developmental environments show that directional selection () on body size varies substantially among islands, and that directional selection on body size differed between males and females on some islands, but not on others. Fitness was assessed as survival, from mark-recapture data collected in April and August 2011, and selection gradients were calculated using the method of Janzen and Stern (1998) . Values near the dashed line represent weak selection and values above or below the dashed line represent positive or negative selection on body size, respectively.
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can span multiple generations, even beyond parentto-offspring transmission, suggesting an underlying epigenetic mechanism of plasticity that can be transmitted through maternally-inherited or paternallyinherited DNA (Ledó n-Rettig 2013; Donohue 2014). These transgenerational effects of developmental/maternal environments add another level of complexity in understanding the role of the environment in shaping phenotypic variation. Thus, the importance of long-term cross-generational studies cannot be emphasized enough. Unfortunately, many reptile systems are not amenable to cross-generational studies (e.g., long-lived turtles), but the A. sagrei system described above is likely a suitable reptile model for addressing these issues due to their short lifespan/generation time and ease of captive husbandry (at least compared with other reptiles). An understanding of the adaptive significance of developmental and maternal responses to environmental variation will rely upon actual measurements of fitness and replicated measurements of selection under natural conditions. Ideally, fitness should be assessed as measurements both of survival and of reproductive success quantified across all life-history stages (from embryos to adults) and under multiple ecologically-meaningful contexts. This major challenge has hindered progress, but its feasibility in some study organisms (e.g., A. sagrei) provides considerable promise. Finally, studies of phenotypic selection will benefit greatly from measurements on multiple populations over multiple periods of time, as meaningful conclusions are difficult to draw from studies focused on a single location at a single point in time. Research programs that carefully consider these points when quantifying the relationships outlined in Fig. 1 will be instrumental in advancing the fields of developmental plasticity and parental effects.
